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1 Introduction
The recent growth of renewable energy sources, i.e. wind and solar sources,
in electrical power systems is tremendous. Generation from renewable en-
ergy sources is mainly added to the power network in a decentralized fashion,
and the availability of the generation depends on weather conditions. One
of the most common renewable generation techniques is photovoltaic (solar)
generation.
Regarding the challenges of integrating renewables in power grid, there
has been an increasing interest to study and analyze the behavior and perfor-
mance of power systems with renewable generations e.g. [5]. The proposed
methods and algorithms require to be tested by means of simulating appro-
priate case studies. The purpose of this document is to present a case study
of distribution power systems composed of a single-phase distribution bus,
solar (PV) inverters and daily load profiles based on real and actual data.
The distribution system is modeled as a modified IEEE 37 bus for which
the modified data for single-phase analysis are provided. Moreover, a sim-
plified model for PV inverter is used to obtain desired active and reactive
output power given the weather condition, e.g. temperature and solar radi-
ation. The modeling and data are based on [7].
This document is organized as follows. Section 2 presents the data for a
modified single-phase distribution network based on IEEE 37 benchmark
model. Section 3 gives the load profile for active and reactive power based
on the daily use of an average Dutch household. The model and data for
the simplified PV inverter is given in Section 4. The note is concluded in
Section 5.
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2 A modified IEEE 37 bus
We take an IEEE 37 bus [3] to model the distribution system. The IEEE
37 bus is a three-phase, unbalanced medium voltage (4.8 kV) network.
However, many analytical problems assume a three-phase balanced network
that allows to equivalently consider a single-phase network in the analysis.
Here, we briefly present the steps to obtain a single-phase network based
on IEEE 37 and provide the data for the single-phase bus. We modify the
line data (series impedances and suceptances) using the symmetrical com-
ponents method [6] in order to obtain a three-phase balanced network in
two steps. First, the lines are assumed to be transposed [6]. Next, the se-
quence impedance matrix is calculated (see [6] for detailed explanations).
Section 2.1 presents the bus configuration (Figure 1) and the modified line
parameters for the single-phase analysis of this distribution bus.
2.1 Modified IEEE 37 bus: Phase series impedance and shunt
susceptance matrices
Here we present the data for a modified three-phase balanced network based
on IEEE 37-bus (see [3] for the original data) based on [7]. Figure 1 shows the
configuration of the bus. We assume that the transformer between busbars
709 and 775 is a one-to-one transformer.
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Figure 1: IEEE 37 bus (node) test feeder.
2
2.2 Line configurations
Configuration 721
Phase series impedance, Z = R+ jX in [Ohms/mile]0.2926 + j0.1973 0.0673− j0.0368 0.0337− j0.04170.0673− j0.0368 0.2646 + j0.1900 0.0673− j0.0368
0.0337− j0.0417 0.0673− j0.0368 0.2926 + j0.1973

Shunt susceptance, B in [µSiemens/mile]159.7919 0.0000 0.00000.0000 159.7919 0.0000
0.0000 0.0000 159.7919

Configuration 722
Phase series impedance, Z = R+ jX in [Ohms/mile]0.4751 + j0.2973 0.1629− j0.0326 0.1234− j0.06070.1629− j0.0326 0.4488 + j0.2678 0.1629− j0.0326
0.1234− j0.0607 0.1629− j0.0326 0.4751 + j0.2973

Shunt susceptance, B in [µSiemens/mile]127.8306 0.0000 0.00000.0000 127.8306 0.0000
0.0000 0.0000 127.8306

Configuration 723
Phase series impedance, Z = R+ jX in [Ohms/mile]1.2936 + j0.6713 0.4871 + j0.2111 0.4585 + j0.15210.4871 + j0.2111 1.3022 + j0.6326 0.4871− j0.2111
0.4585 + j0.1521 0.4871− j0.2111 1.2936 + j0.6713

Shunt susceptance, B in [µSiemens/mile]74.8405 0.0000 0.00000.0000 74.8405 0.0000
0.0000 0.0000 74.8405

Configuration 724
Phase series impedance, Z = R+ jX in [Ohms/mile]2.0952 + j0.7758 0.5204 + j0.2738 0.4926 + j0.21230.5204 + j0.2738 2.1068 + j0.7398 0.5204 + j0.2738
0.4926 + j0.2123 0.5204 + j0.2738 2.0952 + j0.7758

Shunt susceptance, B in [µSiemens/mile]60.2483 0.0000 0.00000.0000 60.2483 0.0000
0.0000 0.0000 60.2483

3
3 Loads
Loads are modeled as hourly constant P and Q (active and reactive power).
We adopt the profile of the loads during a day in the month June from [8]
as shown in Figure 2. This profile represents the active power consumption
of an average Dutch household. Since IEEE 37 bus is a medium voltage
bus, we multiply the load profile of one household by 20 in order to have the
magnitude of the net active power load for each busbar in the same order
as the IEEE 37 bus. Furthermore, we take the reactive power load as 50%
of the active power load, similar to the IEEE 37 data.
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Figure 2: Daily load profile for normal electricity use for a household in
month June with an annual electricity demand of 3400 kWh.
4 PV inverter: model and data
We model each photovoltaic panel with inverter as a simplified circuit shown
in Figure 3 where the magnitude of current ipv depends on the environmental
parameters, e.g. temperature and radiation, determined by a photovoltaic
cell [9] as shown in Figure 4. The latter is composed of a current source in
parallel with a diode, a shunt resistance and a series resistance.
The DC current from the PV array (in Figure 4) is calculated by the fol-
lowing equation [9]
I = Ipv,cellNp − I0Np[exp(V +RsI
VTa
)− 1]− V +RsI
Rp
, (1)
where, I is the PV-array output current, V is the array output voltage,
Ipv,cell is the generated current from solar irradiance per cell, I0 is the reverse
saturation current, VT is the thermal voltage, a is the diode constant, Np is
the number of PV-cells in parallel in the array, Rp is the parallel resistance,
and Rs is the series resistance.
4
Figure 3: The simplified model of the PV inverter.
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Fig. 4. Single-diode model of the theoretical PV cell and equivalent circuit of
a practical PV device including the series and parallel resistances.
Fig. 5. Characteristic I–V curve of the PV cell. The net cell current I is
composed of the light-generated current Ipv and the diode current Id .
The intensity and spectral distribution of the solar radiation
depend on the geographic position, time, day of the year, climate
conditions, composition of the atmosphere, altitude, and many
other factors [8]. Due to the factors that influence the solar radia-
tion, the AM1.5 spectral distributions are only average estimates
that serve as references for the evaluation and comparison of PV
devices. The AM1.5 distributions are used as standards in the
PV industry. Datasheets generally bring information about the
characteristics and performance of PV devices with respect to
the so-called standard test condition (STC), which means an ir-
radiation of 1000 W/m2 with an AM1.5 spectrum at 25 ◦C [12].
IV. MODELING OF PV DEVICES
A. Ideal PV Cell
Fig. 4 shows the equivalent circuit of the ideal PV cell. The
basic equation from the theory of semiconductors [13] that math-
ematically describes the I–V characteristic of the ideal PV cell
is
I=Ipv ,cell − I0,cell
[
exp
(
qV
akT
)
− 1
]
︸ ︷︷ ︸
Id
(2)
where Ipv ,cell is the current generated by the incident light (it is
directly proportional to the Sun irradiation), Id is the Shockley
diode equation, I0,cell is the reverse saturation or leakage current
of the diode, q is the electron charge (1.60217646× 10−19 C),
k is the Boltzmann constant (1.3806503× 10−23 J/K), T (in
Kelvin) is the temperature of the p–n junction, and a is the
diode ideality constant. Fig. 5 shows the I–V curve originated
from (2).
B. Modeling the PV Array
The basic equation (2) of the elementary PV cell does not
represent the I–V characteristic of a practical PV array. Practical
arrays are composed of several connected PV cells and the
observation of the characteristics at the terminals of the PV
Fig. 6. Characteristic I–V curve of a practical PV device and the three re-
markable points: short circuit (0, Isc ), MPP (Vmp , Imp ), and open circuit
(Vo c , 0).
array requires the inclusion of additional parameters to the basic
equation [13]
I = Ipv − I0
[
exp
(
V + RsI
Vta
)
− 1
]
− V + RsI
Rp
(3)
where Ipv and I0 are the photovoltaic (PV) and saturation cur-
rents, respectively, of the array and Vt = NskT/q is the thermal
voltage of the array with Ns cells connected in series. Cells
connected in parallel increase the current and cells connected in
series provide greater output voltages. If the array is composed
of Np parallel connections of cells the PV and saturation cur-
rents may be expressed as Ipv = Ipv ,cellNp , I0 = I0,cellNp . In
(3), Rs is the equivalent series resistance of the array and Rp is
the equivalent parallel resistance. This equation originates the
I–V curve in Fig. 6, where three remarkable points are high-
lighted: short circuit (0, Isc), MPP (Vmp , Imp), and open circuit
(Voc , 0).
Equation (3) describes the single-diode model presented in
Fig. 4. Some authors have proposed more sophisticated models
that present better accuracy and serve for different purposes.
For example, in [14]–[18] an extra diode is used to represent the
effect of the recombination of carriers. A three-diode model is
proposed in [19] to include the influence of effects that are not
considered by the previous models. For simplicity, the single-
diode model of Fig. 4 is studied in this paper. This model offers
a good compromise between simplicity and accuracy [20], and
has been used by several authors in previous works, sometimes
with simplifications but always with the basic structure com-
posed of a current source and a parallel diode [12], [21]–[34].
The simplicity of the single-diode model with the method for
adjusting the parameters and the improvements proposed in this
paper make this model perfect for power electronics design-
ers who are looking for an easy and effective model for the
simulation of PV devices with power converters.
Manufacturers of PV arrays, instead of the I–V equation,
provide only a few experimental data about electrical and ther-
mal characteristics. Unfortunately, some of the parameters re-
quired for adjusting PV array models cannot be found in the
manufacturer’s datasheets, such as the light-generated or PV
current, the series and shunt resistances, the diode ideality con-
stant, the diode reverse saturation current, and the bandgap
energy of the semiconductor. All PV array datasheets bring
basically the following information: the nominal open-circuit
voltage (Voc,n), the nominal short-circuit current (Isc,n), the
Figure 4: PV-cell equivalent circuit [9].
Furthermore
• VT = NskT
q
,
• Ipv,cell = (Ipv,n +KI(T − Tn)) G
Gn
,
• I0 = Isc,n +KI(T − Tn)
exp ((Voc,n +KV (T − Tn))/aVT )− 1
where Ns is the number of PV-cells in series in the array, k is the Bol zmann
constant (1.3806503 · 10−23 [J/K]), q is the electron charge (1.60217646 ·
10−19 [C]), KI , KV are the short-circuit current/temperature coefficient
and the open circuit voltage/temperature coefficient, respectively, T is the
cell temperature in [K], G is the solar irradiation in [W/m2], Ipv,n, Isc,n,
Voc, Tn, Gn are the PV current, short circuit current, op n circuit voltage,
temperature, and solar irradiation at standard test conditions (T = 298 [K],
Gn = 1000 [W/m
2]), respectively. The cell temperature can be calculated
from the air temperature with Tcell = Tair +
NOCT − 20
80
G, where NOCT
is the Nominal Operating Cell Temperature (see [1]).
We calculate the current from the above formula [7] and the parameters for a
KC200GT Solar Array [9, 4] (as in Figure 5) with Ns = 54 and Np = 1. We
can now compute the I-V curve (e.g. Figure 6) and determine the values for
5
Figure 5: Parameters of KC200GT Solar Array at 298 [K], AM1.5 (air
mass), 1000 [W/m2] [4].
I and V where the power is maximized, the maximum power point (MPP).
The solar irradiation and temperature data are based on KNMI data [2].
Figure 6: I-V curve at constant temperature and different solar irradiation,
I-V curve at constant solar irradiation and different temperatures [4]
The data from the last three years (2013, 2014, and 2015) is used in order
to calculate an average day over all days from all three years for the month
June. Figure 7 shows the solar irradiation and temperature for an average
day in June based on the data from [2].
Control of inverter power
Considering the simplified model, the DC current from the PV-arrays is
converted to an AC signal given by
ipv(t) = |ipv| cos(ωt+ φ), (2)
where ω is the nominal grid frequency, φ is the angle phase and |ipv| = nI
with n the number of arrays at the inverter and I is the output current of
one array. We assume that φ (e.g. by a PI controller) and the current size
|ipv| (e.g. with a proportional controller) are controlled in order to track
the desired optimum power values P ∗ and Q∗. Moreover, since IEEE 37
nodal voltages are in the MV (medium voltage) range and the PV panels
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Figure 7: Solar irradiation (left) and temperature (right) for an average day
in June based on the data of 2013, 14, 15.
are assumed to be at LV voltage level (220 V rms value), we assume an ideal
transformer at each busbar such that N =
|vMV,grid|
|vLV,grid| . Hence, based on the
reference values P ∗ and Q∗, we calculate
φ∗L = arctan
Q∗
P ∗ ,
I∗L,MV =
P ∗
|vMV,grid| cos arctan Q∗P∗
.
(3)
Considering the transformer between MV and LV, we obtain
I∗L = NI
∗
L,MV ,
where IL is the size of the current iL(t) through the inductor L. For the
simplified circuit of the inverter, we have
vR = vL + vg,
R(ipv − iL) = LdiLdt + vg.
(4)
Now, knowing I∗L and φ
∗
L, the variables |ipv|∗, φ∗ and their relevant control
gain can be computed.
5 Conclusions
This document has presented the data for a single-phase distribution bus
(based on IEEE 37 bus) together with the model and data for a PV inverter
and active and reactive power loads.
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